Piezoelectric force touch panels receive increased attentions in recent years. However, userinduced nonstable force-voltage responsivity limits their successful use in interactive displays. In this work, touch-induced capacitive information is used for estimating contact area and touch angle, which are further employed to interpret user performed force amplitude. A promising result of improving the stability of force-voltage responsivity by 85% is achieved, enhancing user experience and advancing the development of piezoelectric force sensing in interactive displays. INDEX TERMS Interactive display, piezoelectric material, force sensing and capacitive touch sensing. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ SHUO GAO received the Ph.D. degree in electrical engineering from the
I. INTRODUCTION
Force touch sensing has been integrated in many interactive displays of smartphones since 2015 [1] , and become an important function for advanced human-machine interactivities (HMIs). Broadly implemented techniques for force sensing in interactive displays are capacitive [1] , piezoresistive [2] or piezoelectric [3] , [4] based. The capacitive based technique is the first generation of force sensing in commercialized smartphones and it still dominates the market. This technique utilizes the capacitance change of an additional inserted capacitive sensing layer underneath the backlight of the display. The first piezoresistive based force touch panel product released in 2018 [5] , providing higher force detection resolution compared to the capacitive techniques. However, both of them increase panel's thickness, energy consumption and circuitry complexity [1] . Therefore, piezoelectric force sensing triggers researchers' interests due to its nature in passively detecting dynamic force events with high sensitivity and resolution. Furthermore, due to the dielectric property of piezoelectric materials, capacitive sensing can also be realized by piezoelectric devices [3] , obtaining multidimensional sensing.
Many different piezoelectric force touch panels have been proposed [3] - [9] , nevertheless, the successful use in commercialized smartphones has not been reported yet. A key factor resulting in this phenomenon is the instable forcevoltage responsivity of the piezoelectric materials, indicating that the same force amplitude gives rise to different electric signals [10] . This is due to the characteristic instability of piezoelectric materials and users' touch behavior [10] . When the same force amplitude is applied by different users, the force-induced stress in z direction is not equal, due to their different touch area and orientation, resulting in poor detection accuracy. This paper addresses the issue above with the use of the capacitive information, which is conventionally interpreted for determination of touch location and gesture sensing [11] , [12] , to remove the instable responsivity problem by estimating the contact area and touch direction. Experimental work presented here shows that the stability of force-voltage responsivity can be improved by 85%, compared to the study in [10] . This paper is structured as follows. Section II reviews the issue of instable force-voltage responsivity. Section III explains the relationship between capacitive and force information and proposed touch area and orientation interpretation algorithm. Section IV describes the testbed. Experimental results and discussion are provided in Section V. Finally, conclusions are drawn in Section VI.
II. CHALLENGES TOWARDS HIGH DETECTION ACCURACY A. INSTABLE FORCE-VOLTAGE RESPONSIVITY ISSUE IN PIEZOELECTRIC FORCE TOUCH PANEL
The piezoelectric force touch panels can detect force-induced stress in the z direction. When a force touch is applied, the polarization of the piezoelectric material changes, generating electric signals. Assuming a perpendicular force event occurs, the relationship between the applied force and the generated charges in scalar expression is:
where σ = F/A · P is the induced polarization, d and σ represent the piezoelectric coefficient and force applied stress. F and A denote applied force and the contact area. Hence, with different contact areas, the same force amplitude gives rise to different polarization shifts [10] . Furthermore, if the force direction is not perpendicular, which is more likely to happen in practice, the force component in the z direction could be unpredictable without the information of touch orientation [10] , resulting in an inaccurate force interpretation.
B. FINGER TOUCH-INDUCED CAPACITIVE INFORMATION
The characteristics of a finger touch-induced capacitance change are widely used for the determination of touch location [11] , sliding direction and avoiding registration of fake touches, e.g., cheek touch [13] . In [14] , finger movement-induced capacitance change is used for yaw control, such as twist, pan, zoom and, 3D manipulation. However, previous work mainly reports on the use of the capacitive information for touch action recognition (e.g., touch or swipe, the precise detection of contact area and touch angle, especially during force touch events, are omitted Hence, in the next section, we investigate the force touch associated finger characteristic. 
III. STUDY ON FORCE TOUCH RELATED CAPACITIVE INFORMATION A. SIMULATION ENVIRONMENT AND SETUP
To accurately model the finger-induced capacitance change, a capacitive touch panel and a human index finger are simulated, as shown in Fig. 2a . In our previous studies, COMSOL software has been proved to be a validate simulation environment to probe the characteristics of piezoelectric touch panels, and fully clamped boundary conditions were applied to the touch panel models. In this study, we adopt the same boundary condition as used in [1] . However, in the current model, we don't simulate four supporting frames as created in [1] , alternatively, four rectangular planes were attached to the bottom of the touch panel, representing the original four supporting frames. In this way, meshing complexity is reduced without hindering simulation accuracy. In both simulation and experiments, self-capacitance sensing is utilized to measure the capacitance between electrodes to ground. When a finger is approaching to electrodes, original electric field is disturbed, resulting in the capacitance change, which is employed to calculate contact area and touch orientation.
The touch pad consists of three layers: two electrode layers together with their glass substrates, and one dielectric layer (PVDF) in-between. 5×5 ITO electrodes (each takes 5×5 mm 2 , spacing at 2 mm) are arranged at the top layer, and a whole ITO electrode (35×35 mm 2 ) is set as the ground layer. The finger model is from the touchscreen_simulator database [15] .
The initial simulated touch position is at the center electrode pad, and then it moves to its adjacent pad along x axis and diagonally with a step of 1 mm, in order to comprehensively study the touch-induced capacitance distributions. Touch angles range from 15 0 to 90 0 , with the a step of 15 0 . The radius of the finger ranges from 5 to 15 mm.
B. CONTACT AREA ESTIMATION ALGORITHM
Two results are demonstrated in Figs. 2b, c, d, and e, to demonstrate the difference in capacitance distribution induced by various touch angles. It is observed that with the increase in touch angle, the contact area declines, while the slope of the cross-section of the capacitance distribution rises. Hence, by identifying the capacitance distribution, both the contact area and the touch angles can be calculated.
The contact area can be calculated by the equation below:
where A contact denotes the contact area, A electrode the area of a single electrode, and A Part-electrode the overlapped area between the finger and an electrode. Note that A Part-electrode is smaller than A electrode , since only a part of the electrode is contacted. A Space-in-between represents the area between the contacted electrodes. M and N are positive integers representing numbers of A Part-electrode and A electrode . To obtain A contact , the key is to calculate M, N and A Space-in-between . An example of contact area is shown in Fig. 2f .
To determine A Part-electrode , the relationship between capacitance value and contact area is investigated here. In Fig. 2 , the capacitance values are normalized. Therefore, the capacitance value of "1" indicates a full contact. A capacitance value smaller than unity can be used to obtain the contact area through (2):
It can be assumed that when C norm is smaller than 0.1, the capacitance change is deemed not-induced by the finger contact. However, following limitations are suffered: first, when the finger is just above the sensor without physical contact, the induced capacitance change may be taken into consideration for area calculation, resulting in a larger contact area value. Although we set a threshold to remove this, inaccuracy interpretation still exists. Second, the status of the finger may bring inaccuracy. For example, when a glove touch is applied, the touch induced capacitance change would be smaller, giving rise to a shrank calculation result.
A Space-in-between consists of five components: (a) the space between two fully contacted electrodes; (b) the space between a fully contacted electrode and a partly contacted electrode; (c) the space between two partly electrodes; (d) the space between a fully contacted electrode and a non-contacted electrode; (e) the space between a partly contacted electrode and a non-contacted electrode. For the cases (a) and (b), a full space area is occupied. As to the case (c) to (e), a scaling factor α is used to apply to the space area, hence:
where C Electrode1 and C Electrode2 are the capacitance values at the two partly contacted electrodes, while C Full indicates the capacitance value of a fully contacted electrode.
In some scenarios, a space area is calculated twice, since case (b) and (c) occur for the same area; therefore, only the higher value is kept by the algorithm, whereas the lower is discarded. The pseudocode of the algorithm is shown in Fig. 3 . The proposed area estimation algorithm can offer an overall accuracy of 94.2%. After obtaining the calculated contact area, the force amplitude can be calculated by Hooke's Law.
C. TOUCH ANGLE ESTIMATION ALGORITHM
The interpretation of touch angle relies on the recognition of the trend of touch-induced capacitance change. Current literature [16] - [18] makes use of elaborate algorithms which consume considerable processing resources. In this work both capacitive and force signal are required to be calculated, and a less computational complex algorithm is proposed by using the distance between the capacitance change at the touch position and the minimum touch-induced capacitance.
The touch position can be determined by:
where I(x, y) is the capacitance intensity at a given location of the touch panel, I b denotes intensity of the background offset, I p represents the peak intensity, and (u, v) the touch location, which is assumed as the center of the finger. As the change of (u, v) is continuous rather than discrete in practice, subpixel algorithms are widely used to interpret the true touch position. In [19] , a Gaussian distribution-based algorithm is demonstrated to give the best accuracy for capacitive touch panels, therefore a Gaussian subpixel algorithm is utilized in this work, too, as a subpixel estimator. The Gaussian estimator [19] is: 1 2 ln r i−1 − ln r i+1 ln r i−1 − 2 ln r i + ln r i+1 (6) r i is the maximum intensity of rows, r i−1 and r i+1 are the intensities of the adjacent rows. The same algorithm is also applied for columns intensities, to obtain more accurate touch position. Note that the peak intensity is also applied by the Gaussian subpixel algorithm. As mentioned above, the distance is also determined by the position of minimum touch-induced capacitance change, which is constrained by the system's sensitivity. Since the performance of sensitivity varies for different systems, a signal-to-noise ratio (SNR) of 20dB is assumed, which is an easy-to-achieve value for most capacitive touch panel systems [20] . Hence, the minimum touch-induced capacitance is one order smaller than the peak intensity. With the use of the simulation results, the relationship between distance and touch orientation is created as shown in Fig. 4 .
IV. TESTBED DESCRIPTION AND ARTIFICIAL FINGER FABRICATION A. TOUCH PANEL FABRICATION
A piezoelectric touch panel is assembled for validating the proposed methods. ITO/PVDF/ITO based structure is utilized for constructing the touch panel. The top layer ITO is patterned to be 5×5 eventually distributed squares (5×5 mm 2 , spacing at 2 mm), acting as sensing electrodes. The bottom ITO operates as the ground layer. The photograph of the touch panel is shown in Fig. 5a . 
B. BIONIC FINGER FABRICATION
To accurately apply the touch event in terms of force amplitude and touch angle, a bionic finger is fabricated. Gelatin, whose physical and electrical property is close to human skin [21] , is selected for the artificial finger fabrication. The fabrication process is as follows. First, the gelatin powder (cowhide Inc.) and water are thoroughly mixed, with the help of magnetic stirrer, in a ratio of 1 to 4 after heating and stirring. When gelatin is completely dissolved, the solution is poured into a finger mold, in which a copper stick is settled to mimic the finger bone. After 24 hours at room temperature, the artificial finger is obtained, as shown in Fig. 5b . The electric conductivity and Young's modulus of the artificial finger are 0.2S/m (10kHz) and 40kPa, respectively, and they are close to those of a human finger [22] , [23] .
The end of the copper stick is attached to a force meter [24] , hence the applied force amplitude can be measured.
C. SYSTEM INTEGRATION
The technique for concurrently reading out the capacitive and force information is borrowed from our previous research [1] . The system block diagram and photograph of the readout circuit are shown in Fig. 5c . Experiments are performed on a flat substrate, which indicates a fully compressed condition. The practical operating conditions of a touch panel in an interactive display is closer to a simple supported case. Nevertheless, the target of this study is to estimate the real user applied force amplitude, via finding the relationship between touch-induced force signal and capacitive signal, hence only the simplest mechanical condition is used to remove any interference introduced by inaccurate mechanical condition setup.
V. RESULTS AND DISCUSSION
The force response is normally expressed as coulombs per newton (C/N), as charges are induced by applied force events. The response is also widely expressed as voltage per newton in some studies, as voltage amplitudes are the inputs for analogue-to-digital converters. The transfer function for voltage based responsivity is expressed as below [3] :
where t represents the thickness of the piezoelectric film, ε o and ε r indicate the vacuum permittivity and the relative permittivity of the piezoelectric layer, respectively.
A. TOUCH PANEL PERFORMANCE
In the proposed method, the non-uniform force-voltage responsivity is calibrated by the capacitive information; hence, the system performance in terms of force and capacitive sensing are examined. For the former, the piezoelectric coefficients (d 33 ) at each electrode position are tested and the corresponding results are shown in Fig. 6a . It is observed that the measured d 33 values present a good uniformity, and a mean value at 199 mV/N is obtained. The performance of force-voltage responsivity at different touch orientations at the center location is also illustrated in Fig. 6a , demonstrating a negative correlation between the touch orientation and the force-induced voltage value, aligning with our expectation. Note that the correlation can be modeled as shown in the figure, however the model accuracy might shift for different touch object. The relationship between contact area and force amplitude is align with the Hooke's law.
As to the latter, the capacitance offsets are examined, due to their importance for capacitive touch registration [20] . Experiments are carried out by a network analyzer, and results are plotted in Fig. 6b .
B. FORCE TOUCH DETECTION WITH THE CALIBRATION ALGORITHM
In this subsection, an example of how the force amplitude is calibrated is provided, and then the overall performance of the algorithm is presented.
Traditionally, the force induced voltage signal is used to interpret the force level by using the equation [3] :
where Q is the collected charges, F the applied normal force. With the orientation information and the relationship between touch orientation and force responsivity, we learn that the calibrated d 33 = f (d 33 ), where f is expressed in Fig. 6 a. In terms of the contact area, we noticed that some force components are applied at electrode free zones as stated previously, hence, no charges are collected, lowering detection accuracy. In our algorithm, an assumption is made that the force at the contact area is uniformly distributed. Hence, we use the stress value at one fully contact area to estimate the total stress by:
Hence, the calibrated force is:
A strong force touch event from an arbitrary orientation is applied at the center of the touch panel. The force-induced voltage and capacitance distributions are illustrated in Fig. 7 . Based on previous force interpretation methods found in the literature [1] , [25] , a force value of approximately 3.4 N is obtained. However, the force value reading by the force meter is 5.2 N, which is much higher than the interpreted value. Alternatively, based on the algorithm proposed in this paper, a contact area of 1.7 cm 2 and a touch orientation of 34 0 are yielded via processing the capacitive information. In fact, the calibrated force value is 4.9 N, approaching to the force meter reading by 29%, demonstrating the suitability and the advanced performance of the proposed method.
Overall performance is provided in Fig. 8 . The artificial finger performs touch events from 5 different angles (30 times for each angle, and from 30 0 to 90 0 with a step 15 0 ). Among them, the 90 0 experiment gives the best result (97%), and the detection accuracy slightly drops with the decrease of touch orientation. This is mainly due to the characteristics of the fabricated artificial finger which does not perfectly match the nature of the human finger, as used in the COMSOL simulation. Specifically, the fact of less conductive issue of the artificial finger results in the misinterpretation of the touch orientation and contact area. With human finger touch events, better results should be expected. Furthermore, in our touch orientation algorithm, distance is the only parameter utilized to interpret touch angle. Nevertheless, this method doesn't always provide high detection accuracy, as other characteristics of fingers, such as finger size, shape and rigidity, can influence calculation accuracy. Hence, in our experimental results, the highest accuracy appears at 90 degree, and the results is getting worse with the decrease of touch orientation. In future research, the estimation of touch orientation requires to put a comprehensive consideration of characteristics of fingers. 
C. TIME AND POWER BUDGET ESTIMATION
Although the presented technique boosts the force detection accuracy of piezoelectric based force touch panels, the computational costs in terms of time and power consumption are important when considering implementing this technique to commercial touch panel products.
Current touch panels scan a full screen at 60 Hz, by employing 16×9 electrode bars, denoting that the time interval for running the algorithm is smaller than 16.7 ms for the 144 pixels. The algorithm's time complexity for this work is O(3N), since capacitive information is used twice, and force information is calculated once. Considering a 1 GHz processor used for the touch panel system, the time cost is 0.432 µs, which is far shorter than the scanning interval.
The estimation of power budget is based on the power efficiency of mainstream commercial processors, whose capabilities are over 20 MIPS/mW [26] , [27] . Hence, the estimated power budget is 21.6 nW, which is negligible compared to the power consumption of commonly used touch panel controllers.
VI. CONCLUSION
In this article, we present a calibration method for improving the stability of force-voltage responsivity in piezoelectric based touch panel for interactive displays. Here, userinduced instable force responsivity is addressed by smartly using touch generated capacitive information. The work in this paper not only showcases a technique for stabilizing force responsivity, but also demonstrate the use of multidimensional information to accurately reconstruct the original stimulus.
